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ABS TRACT 

Development of dispersion strengthened tantalum base alloys for use in advanced space power 

systems continued with the evaluation of oxygen contaminated and welded compositions which 

had been aged 1000 hours at 18OO0F. The six alloys evaluated included carbide, nitride, and 

carbonitride strengthened types as well as two solid solution alloys. The effect of final anneal- 

ing temperature on the creep behavior and room temperature mechanical properties of Ta-8W- 

lRe-0.7Hf-0.025C (ASTAR-81 1C) was investigated. The compositions of the remaining two 

four-inch diameter scale-up ingots were tentatively selected. 
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1 .  INTRODUCTION 

This, the tenth quarterly progress report on the NASA-sponsored program "Development of a 

Dispersion Strengthened Tantalum Base AI loy", describes the work accomplished during the 

period February 20, 1966 to May 20, 1966. The work was performed under Contract 

NAS 3-2542. 

The primary objective of this Phase II work i s  the double vacuum arc melting of three compo- 

sitions in the form of 60-pound, 4-inch diameter ingots. These compositions, which are to be 

used for sheet and tubing applications, wi l l  be selected for their weldability, creep resistance, 

and fabricabi l i ty  characteristics. 

Prior to this quarterly period several promising tantalum alloy compositions were developed. 

These alloys exhibited good creep resistance at temperatures up to 1315OC (240OOF) while 

maintaining adequate fabricability and weldability. From these alloys a weldable composition 

containing a carbide dispersion, ASTAR-81 1C (Ta-8W-lRe-O.7Hf-0.025C) was selected and 

melted as the first 4-inch diameter ingot (Heat NASV-20). One section of this ingot was up- 

set forged and another was side forged. 

detailed processing information was compiled. 

I 

Both forgings were processed to 0.04-inch sheet and 

Evaluation of this sheet has been essentially 

comp I eted. 

0 During this quarterly period, the lOOO-hour, 1800 F isothermal anneal was completed on the 

oxygen contaminated and welded, nitride, carbide, carbonitride, and solid solution strengthened 

alloys. The effect of the long time aging treatment on the bend ductile brittle transition tem- 

perature was determined. Metal lographic examination and room temperature hardness traverse 

data showed a good correlation with the bend test data. 

A recommendation for the remaining four-inch diameter ingot scale-up compositions was made 

to the NASA project manager. A decision from NASA on the next scale-up compositions i s  

expected during the next report period. 
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Evaluation of the cart le strengthened scale-up composition Ta-8W-1Re- 7Hf-0. 5c 
(ASTAR-81 1C) continued. 

cant effect on creep strength and on room temperature tensile properties. Investigation of the 

relation between the observed property changes and the precipitate morphology and distri - 
bution has been initiated. Metallographic examination of the TIG welded tensile specimens 

which had been tested over the temperature range of -196OC to 1315OC (-320°F to 240OOF) 

revealed that mechanical twinning had occurred at -196OC (-320OF). At 1315OC (24OO0F), 

the fracture mode was a combination of shear and grain boundary separation. 

The final annealing temperature was shown to have a signifi- 

2 
i 
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I I .  PROGRAM STATUS 

During this period, a presentation was made to NASA-Lewis personnel for the purpose of re- 

viewing the alloy development program and to recommend the next composition(s) for scale-up 

to 4-inch diameter ingot size. An analysis of the data generated had indicated a greater 

degree of influence of thermal-mechanical processing on creep properties than could be 

obtained with fairly significant compositional variations. 

1Re-lHf-O.015N-O.O15C, a carbonitride strengthened alloy, was recommended for the next 

scale-up ingot. 

thermal mechanical processing was recommended. A written summary of the composition 

selection recommendation i s  attached as Appendix 1. A decision was made to melt the follow- 

Thus the composition, Ta-6.5W- 

In lieu of a third scale-up ingot, more detailed investigation of the effects of 

ing compositions as 4-inch diameter ingots: Ta-8W-1Re-1 Hf and Ta-7W-1Re-1 Hf-O.Ol2C- 

0.012N. Written approval for initiation of electrode fabrication and melting i s  expected 

during the next report period. 

A. WELDABI L I N  AND THERMAL STAB1 LITY STUDY 

Evaluation was completed on the effect of welding, aging, and oxygen contamination on the 

ductile-brittle transition temperature of the following six compositions: 

Heat No. Composition (weight percent) Strengthening Additions 

NASV-20 Ta-8W-lRe-O.7Hf-O.025C(ASTAR-811C) Solid solution+ carbide 

NASV-18 Ta-5W-lRe-O.3Zr-0.025N Solid solution+ nitride 

NASV-12 Ta-7.5W-1.5Re-0.5Hf-0. 15C-0.015N Solid solution+ carbide-nitride 

NASV-I3 Ta-6.5W-2.5Re-0.3Hf-0.01 C-0.01 N So I id so lu t ion + carbide-ni t r i  de 

NASV-I9 Ta-8.5W-1.5Re-1 Hf Solid solution 

NASV -2 1 Ta-lOW-lRe-O.5Hf Solid solution 

For the purpose of this study the ductile brittle transition temperature is  defined as the lowest 

temperature at which a specimen can be bent a full 90 degrees without exhibiting indications 

of brittle failure. As described in the ninth quarterly report"), the amount of oxygen pickup 

in  the intentionally oxygen-contaminated sheet metal samples was determined gravimetrically. 

3 
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Chemical analysis data obtained during this quarter shows good agreement between the analyzed 

oxygen content and the values determined gravimetrically. 

1 and presented graphically in Figure 1. 

residual oxygen content (-20 ppm). 

process control for monitoring oxygen pickup has been described by Lessniann and Stoner 

who have also reported that carbon and nitrogen pickup during the intentional oxygen con- 

tamination to be essentially nil. 

reported in Table 1 confirm this earlier observation. 

The results are reported in  Table 

The weight gain values have been corrected for the 

The use of weight gain as a reliable technique for in- 
(2) 

Carbon analysis data for NASV-12 and NASV-20 also 

The ducti le-brittle bend transition behavior of as-welded and oxygen contaminated and welded 

specimens that had been heated for 1000 hours at 180OoF (982OC) at pressures below 1 x 10 

torr was determined. 

tion temperature data previously obtained in this study. 

base metal specimens of NASV-18, 19, and 21, as well as specimens of a l l  six compositions 

-8 

Transition temperature data are recorded in Table 2, along with transi- 

Included in  the 1000 hour run were 

that had been welded, and specimens of a l l  compositions except NASV-19 that had been 

intentionally oxygen contaminated and welded. Although two levels of oxygen contamination 

were investigated only those specimens contaminated to nominally 350 ppm 0 we're included 

in the 1000 hour, 180OoF exposure. As reported previously"), the specimen of NASV-19 

contaminated with 350 ppm 0 failed during welding and the non-availability of additional 

oxygen doped material did not permit the inclusion of this composition in the 1000 hour heat 

treatment. 

2 

2 

Generally, the ductile-brittle transition temperature was increased by the 1000 hour, 1800°F 

exposure. 

increase of as high as +55OoF (306OC) was observed for the TIG welded material. 

The annealed base metal samples exhibited only a minor increase. However, an 

The measured 

decrease in ductility i s  assumed to be caused by a precipitation reaction or reactions which 

occurred during the isothermal exposure. In addition to the complexity of the alloys studied, 

the intentional oxygen contamination, cast weld metal, and the adjacent thermally distrubed 

4 
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heat affected zone are factors which compound the difficulty of data interpretation. 

the data in Table 2 indicate that oxygen contamination exerted the greatest effect on the 

ductile-brittle transition temperature. Also, the sensitivity of  the DBTT to oxygen contamin- 

ation appeared to be independent of the ini t ial  interstitial concentration. For example, the 

solid solution strengthened alloy (NASV-21) contained less than 50 pprn C, 0, and N while 

the ASTAR-81 1C (NASV-20) contains a 250 pprn carbon addition. 

ted with 350 pprn 02, the ductile-brittle transition temperature of both are essentially identical. 

However, 

However when contamina- 

With a couple of exceptions which wi l l  be discussed in  more detail later, the loss of ductility 

was generally accompanied by a decrease in hardness level, Specimens of NASV-21 , 20, 18, 

and 12 representing the four alloy types: 

(a) Solid Solution 

(b) S. S. + Carbide 

(c) S. S. + Nitride 

(d) S.S. + Carbonitride I 

were studied metallographically and hardness traverses were taken. It was assumed that during 

testing, failure of the bend specimens occurred in the area(s) of maximum hardness (i. e. , 
least ductility). 

hardness i s  plotted versus the transition temperature, 

occurred where expected from the hardness data and often did not propagate through the 

softer area of the specimen corresponding to the minima in the hardness profile. 

That this assumption i s  valid i s  shown in Figure 2 where maximum specimen 

Fracture within each specimen generally 

Hardness traverse data and photomicrographs were taken from transverse weld sections which 

were: 

a. 

b. Contaminated with 350 pprn 0 then TIG welded. 

c. 

TIG welded plus 1000 hours at 180OOF. 

2 
(b) plus 1000 hours at 18OOOF. 

i 8 
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The hardness traverse data and photomicrographs are presented in  Figures 3 through 10. 

letter notations on the hardness traverse plots correspond to the area from which the photo- 

micrographs were taken. The local hardness variations measured- within the weld metal are 

probably due to grain orientation and constitutional segregation during freezing. Also the 

heat affected zone i s  subjected to a severe thermal disturbance over a broad temperature 

spectrum. As noted previously these effects coupled with the complexity of the precipitation 

reaction(s) occurring make quantitative interpretation of the hardeness data very difficult. 

However, a semi -quantitative discussion of the probable precipitation reactions and their 

effect on low temperature strength of the base metal can be made from the hardness data that 

were obtained. 

The 

The starting sheet material (0.035 inch thick) was annealed for 1 hour at 165OoC (30OOOF) 

prior to oxygen contamination and/or welding. After 1000 hours at 18OO0F, the hardness of 

the matrix has decreased significantly as shown by the data tabulated below. 

TABLE 3 - Effect of 1000 Hours at 180OoF on the Hardness of Tantalum Alloy 
Sheet (Annealed 1 Hour at 1650°C(30000F) Prior to the Exposure) 

Composition 

Ta-1OW-lRe-O.5Hf 
(NASV-22) 

Ta-8W-1 Re-7Hf-0.025C 
(NASV-20) 

Ta-7.5 W-1 .5Re-0.5Hf -0.0 1 5C- 
0.015N (NASV-12) 

Ta-5W-1 Re-0.3Zr-0.025N 
(NASV-18) 

As-Annealed 
1 Hr. at 300OoF 

230 

255 

310 

275 

10 
i 

Hardness, DPH 
Plus 1000 Hours 

at 1 8OO0F 

195 

188 

228 

325 

A DPH 

-35 

-67 

-82 

+50 
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(a) Weld Zone (Point A in Fig. 5 )  1500X (b) HAZ (Point B in Fig. 5 ) 1500X 
305 DPH 305 DPH - 

Oxygen Contaminated and Welded Specimen 

(c) HAZ (Point C in F i  .5 ) 1500X (d) HAZ (Point D in  F i  .5 ) 1500X 
270 DPI? 300 DPtf 

Oxygen Contaminated and Welded Specimen 

(e) Weld Zone (Point E in Fig.5 1 500X 
255 DPH 

(f) Weld Zone (Point F in Fig.5 )5OOX 
262 DPH 

Oxygen Contaminated, Welded, and Aged(a)Specimen 
(a) 1000 Hours at  1800°F(<10-8 Torr) 

FIGURE 6 - Microstructures of ASTAR-81 lC(Ta-8W-lRe-0.7Hf-0.025C) Welded Specimens 
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(9) HAZ (Point G in Fig. 5 ) 1500X (h) Base Metal (Point I in  Fig. 5 )  500X 
223 DPH , ,  220 DPH 

Oxygen Contaminated, Welded, and Aged'a' Specimen 

(i) Weld Zone (Point J in  Fig. 5 )  500X (i) HAZ (Point K in Fig. 5 )  500X 
195 DPH 190 DPH 

Welded and Aged(a) Specimen 

(k) HAZ (Point L in  Fig. 5 )  500X (e) Base Metal (Point M in Fig. 5)500X 
190 DPH 188 DPH 

Welded and Aged(a) Specimen 

(a) 1000 Hours at 180OoF Torr) 

FIGURE 6 (Continued) - Microstructures of ASTAR 81 1 -C (Ta-8W-lRe-0.7Hf-0.025C) 
Welded Specimens 
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(a) Weld Zone (Point A in  Fig. 7) 500X (b) Weld Zone (Point A in Fig.7) 1500X 
315 DPH 315 DPH 

(c) HAZ (Point B in  Fig.7) 150QX (d) HAZ (Point C in Fig. 7.) 1500X 
300 DPH 275 DPH 

(e)  Base Metal (Point D) i n  Fig.7) 1500X 
370 DPH 

Oxygen Coniwminated and Welded Specimens 

FIGURE 8 - Microstructures of NASV-18 (Ta-SW-lRe-O.3Zr-0.02N) Welded Specimens 
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(a) Weld Zone (Point A in Fig. 9 ) 500X 
320 DPH 

(b) HAZ (Point B in Fig. 9 )  500X 
325 DPH 

(c) HAZ (Point C in Fig. 9 ) 1500X 
308 DPH 

(d) Base Metal (Point D in  Fig. 9) 500X 
318 DPH 

Oxygen Contaminated and Welded Specimen 

FIGURE 10 - Microstructures of NASV-12 (Ta-7.5W-1.5Re-0.5Hf-0.015C-0.015N) 
Welded Specimens 
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0 
During the final annealing treatment at 3000 F a l l  or part of the carbon and/or nitrogen addition 

was taken into solution. Previous work") in  this investigation, has shown that carbon precipi- 

tates from solid solution,.from a Ta-W matrix containing 

during exposure at temperatures as low as 700 C by the following reaction. 

1 a/o reactive metal (Hf,Zr) additions, 
0 

+ c  + .-Ja2C (ppt) 
(TatWtHf)soI id  solution sol i d  solution 

The hardness of the matrix has always been lowered by this reaction indicating that the dimetal 

carbide forms a discrete non-coherent second phase particle. 

for the solid solution composition Ta-1OW-1Re-O.5Hf (NASV-21) is  attributed to precipitation 

of the residual carbon (-32 ppm) as Ta2C. This data would indicate that the carbon solubility 

in the matrix i s  certainly low at 1800OF. The nitride strengthened composition Ta-5W-1Re- 

The decrease in hardness observed 

0.3Zr-0.025N (NASV-18) showed a 50 DPH increase in hardness as a result of the 1000 hour 

exposure at 1800OF. The hardness increase i s  attributed to coherent precipitation reaction. 

Previous work has shown that the nitride precipitation in a tantalum alloy matrix may follow 

classical age hardening by the following reaction. 

+ N  C-,IZrHf) N (coherent ppt) 
(TatW'Re'Hf'Zr)solid solution solid solution 

The kinetics of this reaction and the degree of strengthening of course are dependent on the 

aging temperature, aging time, and degree of supersaturation. 

Thus in the carbonitride containing composition (NASV-12) both reactions are occurring 

simultaneously. 

precipitation reaction predominated during the 1800 F exposure. 

However, the hardness data in Table 3 would indicate that the carbide 
0 

Oxygen was added to the base metal by formation of an adherent oxide f i lm  at approximately 

llOO°F which was then subsequently diffused in by annealing for 50 hours at 180OOF. The - 

(22) detailed experimental procedure i s  described elsewhere . Introducing oxygen to the matrix 

in  this manner results in an increase in  the room temperature hardness. 

by Rowcliffe, et a l  

Cb-1W-lZr sheet was exposed to a low oxygen partial pressure at 800-10OO0C. 

(See Table 4). Work 
(3) showed that a coherent oxide precipitate was formed when Cb-lZr or 

The observed 

22 
1 
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increase in both the low tem erature and elevated temperature properties was attributed to a 
coherent ZrO precipitate (3P . 

2 

The strengthening of the tantalum alloy matrix by the oxygen contamination i s  assumed to be 

caused by a similar reaction. The strengthening effect of the oxygen addition was evaluated 

using room temperature hardness values. 

(dADPH/d C) added was then calculated and the values obtained are listed in  Table 4. 

material in the as-contaminated condition, values of dADPH/dC of 24-30 were observed for 

the carbide and carbonitride strengthened compositions and 100-250 for the solid solution and 

nitride strengthened composition. 

oxygen to columbium and tantalum result in  values for aADPH/dC of 140 and 170 respectively 

and are representative values for interstitial hardening in  BCC 

to values of dADPH/a C of 10-20 for substitutional solute strengthening additions (i. e. , W, Re, 

Hf, Mo) (23‘24). As contaminated (See Figure 4a), the microstructure i s  single phase when 

examined at 1500X, and as previously noted, i t  i s  assumed that the oxygen combines with the 

reactive metal (Hf) to form a coherent HfO precipitate. 

precipitate (dADPH/d C)will be on the same order of magnitude as that observed for the inter- 

stitial solid solution strengthening. After exposing for 1000 hours at 18OO0F, the aA DPH/d C 

values for the strengthening contribution of the oxygen addition are consistent. 

of dA DPH/d C for NASV-12 and 20 in the as-contaminated condition most probably resulted 

from carbide precipitation during the 50 hour homogenizing treatment. 

dADPH/dC for NASV-12 (carbonitride) and NASV-18 (nitride) after the 1000 hour exposure 

~ are 2 to 3 times that for the solid solution (NASV-21) and carbide strengthened (NASV-20) 

The change in hardness per atom percent oxygen 

For 

The values of 24-30 for dADPH/dC appear low. Adding 
(24) 

This i s  i n  contrast 

The strengthening of the coherent 2 

The low values 

The values of 

composition and no doubt reflects the additive contribution of the nitride precipitation reaction. 

The strengthening effects of the oxygen, nitrogen, and carbon on the tantalum alloy matrix are 

very complex. 

reactions wi II require much more investigation before they are understood, particularly their 

The interesting strength properties resulting from the various precipitation 

effect on elevated temperature strength. 

24 
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B. SCALE-UP INVESTIGATION 

Evaluation of the 18 inch wide x 33 inch x0.04 inch thick sheet of ASTAR-811C (Heat No. 

NASV-2OWS) was made. 

istics were determined and were similar to those obtained previously on material processed by 

the standard pr~cedure'~). The processing of NASV-2QWS which was described in the 8th 

Quarterly Progress Report varied significantly from the standard processing schedule. 

2OWS was processed from a section of side forged ingot which has been annealed* for 2 hours 

at 148OoC (270OOF) and then rolled from a thickness of 1-1/8 inch to 1/4 inch at 5OO0C 

(93OOF). After conditioning, the 0.24 inch plate was annealed for 1 hour at 148OoC (27OOOF) 

and rolled at room temperature to a 0.04 inch sheet, a final total reduction of 83%. 

standard processing schedule would have been to anneal the 0.24 inch plate at 165O0C (30OO0F), 

roll to 0.06 inch, anneal at 17OO0C (3090°F), and then roll to 0.04 inch, the final reduction 

being 33%. 

Chemical analysis, mechanical properties and weldability character- 

NASV- 

The 

Chemical analysis results on this sheet were 200 ppm carbon, 20 ppm nitrogen, and 13 ppm 

oxygen. 

NASV-20 (ASTAR-811C) as-cast ingot (230 to 240 ppm carbon, 13 to 27 ppm oxygen). The 

bend ductile-brittle transition temperature of the as-TIG welded NASV- 20ws sheet was less 

than -lOO0C(-15O0F) and compares with the transition temperature for as-TIG welded sheet 

materiul processed by the standard schedule from both the side forged and the upset forged 

billets (Table 5). The 1 hour recrystallization behavior, including microstructure,hardness, 

and grain size data, on the large sheet i s  recorded in Table 6. Similar data previously obtained 

on 0.04-inch and 0.06-inch sheet that had been reduced 33 and 73% respectively are also 

recorded in Table 6. 

These values are in excellent agreement with those previously obtained on the 

A comparison of the tensile data wi th that previously obtained i s  given in Table 7. A l l  speci- 

mens were annealed for 1 hour at 165OoC (300OOF) prior to testing. Excellent agreement exists 

between the two sets of data at -195°C (-320°F) and at room temperature. The strength at 

*Annealing done at <5 x torr. 
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1204 and 1316OC (2200 and 2400OF) for the NASV-20WS sheet material i s  approximately 10% 

less than for material processed by the standard schedule. This difference in strength may be 

explained by the difference in the annealed grain size (i.e., 0.033 mm for the standard pro- 

cessed material versus 0.017 mm for the NASV-20wS sheet). 

1 .  Mechanical Properties 

a. Creep Properties. Evaluation of the creep behavior of ASTAR-811C continued this 

period. Investigated were the effect of final annealing temperature and TIG welding on creep 

behavior. The data obtained i s  in Table 8. 

Increasing the final annealing temperature from 165OOC to 20OO0C (3000 to 363OOF) resulted 

in a significant increase in the creep resistance of ASTAR-811C at 240OoF and 15,000 psi 

(Table 8). Correspondingly, the grain size increased from 0.033 mm to 0.2 mm. The increase 

in creep resistance can be plotted as a linear function of the square root of the grain diam- 

eter (Figure 11 ). The creep rate plotted in Figure 11 i s  the reciprocal of the time to reach 

1% elongation, a parameter which has been used to evaluate creep resistance because of the 

unique shape of the creep curves(4). However, the creep curve for the specimen annealed 

at 20OO0C (363OOF) prior to test exhibited essentially a linear curve to over 1% strain. 

The mechanism which resulted in the functional relationship shown in  Figure 11 i s  not readily 

apparent. 

metals and alloys (5-10). Feltham and Meaki t~ '~)  have shown for copper at 500°C (0.6T ) 
m 

that the creep rate i s  proportional to the square of the diameter, with the creep rate increas- 

The effect of grain size on creep behavior has been reported on a number of FCC 

ing with increasing grain diameter. 

however, i s  that there i s  apparently an optimum grain size for optimum creep resistance (5 6 ' 7 ' 8) . 

Lead at 25OC (0.5T ) however, exhibits a decrease in  m 
creep rate wi th increasing grain size (10) . One of the most significant observations reported 

This observation was made by Hanson") as early as 1939. Crussard (6) showed a minima in  

the secondary creep rate as a function of grain size for zinc tested at 95OC (0.55T ) and 

aluminum tested at 2OO0C (0.5T ). His explanation was based on transition of the maior 
m 

m 
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deformation process from the boundary to the grain as the volume-to-boundary ratio increased 

with each process of equal importance at the optimum grain size. 

their study of monel related the observed behavior to the equi-cohesive temperature (T )*. E 
At low temperature (<TE) increasing grain size caused reduced rupture l i fe and increased 

the creep rate while at high temperature (>T ) there was an optimum size for maximum rupture 

time which varied with test temperature and applied stress. 

similar high temperature behavior for an austenitic stainless steel. 

has generally been for FCC solid solution strengthened metals and a paucity of data are 

available for BCC refractory metals. Begley and Carnie''') have shown completely 

opposite behavior for a solid solution columbium base alloy and a carbide strengthened 

columbium base alloy. 

solution alloy while the creep rate of the carbide strengthened alloy decreased. 

(7) . Shahinian and lone In 

(8) 
E 

Garafalo also demonstrated 

However, data reported 

Increasing grain size resulted in  increased creep rate for the solid 

In addition to the increase in grain size, preliminary examination of the extracted dispersed 

phase from the creep specimen has revealed a change in the carbide morphology as the anneal- 

ing temperature was increased. 

grain size and precipitate morphology. 

are in progress. 

solution tantalum base alloy to determine the individual contributions of the grain size and 

dispersed phase on the creep behavior. 

Thus i t  i s  not possible at this time to separate the effects of 

More detailed examination of the creep specimens 

However it w i l l  be necessary to perform a similar experiment on a solid 

As-TIG welded ASTAR-811C tested with the weld bead parallel to the gauge length showed 

a significant decrease in creep resistance at 2400 F and 15,000 psi (Table 8). Base metal 

data are not available at 2600 F so no comparison can be made directly. However the 

data plotted in Figure 12, on a Larson-Miller plot, indicate that the TIG welds have lower 

creep resistance than the base metal. The decrease in creep resistance of the TIG welded 

material may be due to a combination of unfavorable grain orientation of the large as- 

cast grains and compositional heterogeniety in the fusion zone. The detailed study of the 

0 

0 

*The temperature at which the failure mode changes from intragranular to intergranular, 

32 
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creep behavior of TIG welded material while outside the scope of this present investigation 

i s  nonetheless of vital importance. This behavior w i l l  have to be defined since the end item 

hardware for which these tantalum alloys are being developed wi l l  be joined using fusion 

welding techniques. 

b. Tensile Properties. In view of the improvement in  creep behavior of composition 

ASTAR-811C by increasing the pre-test annealing temperature,a study was made to determine 

the effect of the pre-test annealing temperature on the short time tensile properties. Specimens 

were annealed for 1 hour at temperatures of 1650,1800,2000, and 2200°C(3000,3270,3630, and 

3990OF) respectively, radiation cooled, and tensile tested at room temperature. Data are 

recorded in Table 9 and illustrated in Figure 13. As can be seen, the proportional limit and 

0.2% yield strength increase with increasing pre-test annealing temperature, while the ult i-  

mate strength was unchanged. For the specimen annealed at 220OoC (399OoF), the 0.2% 

yield strength i s  98% of the ultimate strength. Photomacrographs and photomicrographs of 

the tested specimens are shown in Figure 14. The increase in grain size from 0.020 to 

0.400 mm with increasing annealing temperature i s  very apparent as i s  the change in preci- 

pitate morphology. 

retained in solution as the annealing temperature was increased, or could be due to the 

precipitation of coherent carbide during cooling from the solution annealing temperature. 

The latter view seems more reasonable since the rate of work hardening goes,essentially to 

zero as the annealing temperature was increased to 2200 C and increased rapidly at the 

lower annealing temperature. 

precipitation hardening. 

I 

The increase in yield strength could be due to the additional carbon 

0 

This behavior i s  typical of systems which undergo coherent 

0 The mode of fracture appears to change from shear for the specimen annealed at 1650 C 

(3000 F) to intergranular rupture for the specimens annealed at the higher temperatures. These 

results are not inconsistent with the failure behavior of ASTAR-81 1C specimens previously re- 

ported''). With strains of 17 to 25% and reductions in area of 38 to 52%, the mode of failure 

could hardly be described as brittle, however. 

0 
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2. 

Tensile properties were determined on longitudinal and transverse TIG welded 0.04 inch 

ASTAR-811C sheet specimens over the temperature range of -195OC (-320°F) to 1415OC 

(260OOF). The tensile data which have been reported previously(') are repeated in  Table 10. 

The fracture area of the test specimens was examined metallographically and the general 

appearance and mode of fracture are shown in  Figure 15 for specimens tested at -195 C 

(-320°F) and at room temperature. As would be expected from the tensile data, necking 

of the transverse welded specimens occurred in the base metal on both sides of the weld and 

failure eventually occurred in one of these two regions. The intergranular mode of fracture 

was identical to that previously observed for ASTAR-811C at these temperatures. 

uniform elongation occurred within the longitudinally welded specimens, the gage lengths of 

which consisted entirely of weld and heat affected metal. 

cast grains resulted in the typical "orange peel" macrostructure shown in Figure 15. 

be seen, the longitudinally welded specimens tested at -195OC (-320°F) and room temperature 

exhibited intergranular and shear modes of failure respectively. 

Metallography of TIG Welded Tensile Test Specimens 

0 

Fairly 

The deformation of the large as- 

AS can 

Of particular interest was the microstructure of the two specimens tested at -195OC (-320°F) 

at a uniform strain rate of 0.05 inch/inch/minute. During testing of these two specimens, 

audible clicks, indicative of mechanical twinning, had been heard. Discontinuities in the 

stress-strain curves were also observed. That mechanical twinning had indeed occurred in 

. both specimens was established metallographically, as shown in Figure 16. However, twinning 

was much more prevalent in the longitudinally welded specimen. Twins having both smooth 

sides and irregular sides, similar to Neumann bands in iron, were observed. The extension of 

' twins across grain boundaries i s  clearly illustrated in Figures 16a and e, while the inter- 

section of twins with each other is shown in Figures 16c and d. Figure 16f indicates the 

crystallographic nature of the twinning, which most likely occurred on 112 planes, which 

are the twinning planes in body centered cubic structures. It should be noted that this 

twinning was solely confined to the weld metal, which had essentially a l l  of the 235 ppm 

'I 
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carbon retained in either solid solution or, as previously discussed, a submicroscopic, possr- 

bly coherent precipitate. It also occurred at a temperature just slightly below the transition 

temperature of the TIG welded material. 

Deformation twins have previously been reported in  body centered cubic metals. While 

Be~htold'~) could not induce twinning in tantalum by straining in tension at temperatures 

as low as that of liquid nitrogen, Barrett and Bakish@) observed deformation twins in  tantalum 

after impact working at liquid nitrogen temperature. In both studies tantalum of nominal 

99.9% purity was used. Anderson and Bronisza) induced twinning in electron beam melted 

tantalum at room temperature and interpreted the results as suggesting that the ease of twin 

formation in tantalum is enhanced by increasing the purity. This interpretation i s  in contrast 

to the results reported here and to those reported by Tipper and and Zow and Fenstel (9) 

for alpha iron, at feast with respectsto carbon, nitrogen, and s i1  icon. Similar twinning has 
also been reported in columbium by Adams, et al(lo) and by WesseI, France, and Begley (1 1) . 
Of interest here is that the twins produced in the tantaJum alloy in teqsion (Figure 16) are 

similar to those produced in columbium tested in compression. 

The general appearance and the fracture mode of longitudinally welded specimens tested in 

tension at 982, 1316, and 1427OC (1800, 2400, and 260OOF) are shown in Figure 17. The 

macrostructure of these specimens is quite similar to those tested at the lower temperatures. 

However, the fracture modes vary somewhat. Failure occurred by shear in the specimen 

tested at 982OC (18OO0F), while a combination of shear and intergranular failures occurred 

in the specimens tested at 1316 and 1 4 2 f C  (2400 and 260OOF). The microstructure of these 

specimens at higher magnifications is  illustrated in Figure 18. The wedge-shaped cavities 

observed in the specimens tested at the two highest temperatures are indicative of elevated 

temperature grain boundary sliding, and are similar in appearance to those previously found 

in unwelded specimens of composition ASTAR-811C tested in tension at the same temperature. 

Subgrain boundary formation and the fine matrix precipitation shown in Figure 18 occurred in 

a l l  three specimens during testing at temperature, even though they were held at temperature 

for no more than 1 hour. 
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C. PHASE IDENTIFICATION AND MORPHOLOGY 

Increasing the final annealing temperature of ASTAR-811C from 165OoC (30OOOF) to 20OO0C 
(3632OF) resulted in  significant increases in  creep resistance and short time yield strength. 

Phase identification and morphology studies were initiated on as heat treated and as heat 

treated and tested material in order to determine the reasons for the differences in  both the 

short time tensile and long time creep behavior. 

in  a later quarterly progress report. 

The results wi l l  be completed and reported 

111 .  FUTURE WORK 

During the next quarterly period it i s  planned to accomplish the following. 

1. Continue evaluation of creep properties of ASTAR-811C. 

2. Complete the phase identification and morphology studies on composition 

ASTAR-811C creep specimens. 

3. Fabricate the electrodes of the compositions to be scaled up to 4-inch diameter size. 

These electrodes wi l l  then be melted into ingots, and processing to 0.04-inch sheet 

will be initiated. 

45 
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APPENDIX I -. 

RECOMMENDATIONS FOR SELECTION OF 

COMPOSITIONS FOR MELTING AS, 

FOUR-I NCH DIAMETER INGOTS 
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In accordance with the Phase II Work Statement, Contract NAS 3-2542, WANL i s  to melt 

three (3) tantalum alloy compositions as 4-inch diameter ingots, each weighing approximately 

60 pounds. 

strength, fabricability and weldability. 

base alloys T-111 and T-222 are being used as the reference standard. 

Each ingot i s  to be processed to sheet and evaluated with regard to creep 

The commercially available high strength tantalum 

Theoretical considerations indicate that neither hafnium nor zirconium, as a substitutional 

solute addition, would be expected to enhance the creep behavior of tantalum. However, 

the addition of a reactive metal to tantalum i s  necessary to impart corrosion resistance to 

liquid alkali metals. One atom per cent reactive metal gives columbium base alloys the 

necessary liquid alkali metal corrosion resistance, viz Cb-lZr; thus, it w o s  assumed. that 

tantalum base alloys would behave in  an analogous manner. 

metal addition (Hf or Zr) w a s  limited to nominally one atom per cent. 

Therefore, the level of reactive 

Interaction of the intentional C and/or N addition wil l  result in the desired HfC, HfN, and/ 

or Hf(CN) dispersed second phase. 

metal corrosion resistance imparted by the zirconium i s  maintained even i f  the zirconium 

exists in a combined form (i. e., ZrC) and that the ZrC i s  stable in  contact with liquid alkali 

metals. There are no data available on the stability of the HfN in  liquid alkali metals, and 

although we have assumed that the behavior wi l l  be no different than the carbides, investiga- 

tion of the nitride stability in  liquid alkali metals i s  needed. 

/ 

Corrosion data for D-43 indicate that the liquid alkali 

The init ial four-inch diameter composition, Ta-8W-1 Re-1 Hf-O.025C (NASV-20) selected 

with the cognizance of the NASA project manager w a s  chosen as a straight carbide 

strengthened composition which exhibited significantly better creep resistance than T-222 

while retaining the fabricability and weldability characteristics intermediate to those 

of T-1 11 and T-222. 

generated during the Phase I portion of the investigation. Briefly, in  the Phase I portion 

of the investigation, the Ta-W-Hf-C system was studied to determine the substitutional 

The selection of NASV-20 was made after analysis of the data 

c a I 
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( W  + Hf) - interstitial (carbon) solute level which provided i-mproved creep resistance 

with minimal loss in  low temperature ductility. The results summarized in  Table I show 

that 9 to 10 a/o W + Hf with up to 350 ppm carbon can be added to tantalum without 

seriously compromising fabricabi li ty while significantly improving creep resistance. The 

effects of Mo and Re, Zr, and N substitution for a portion of the W, Hf, and carbon re- 

spectively was studied using the Ta-8W-(O. 5-1)Hf-(O. 02-. 07)C composition. A statistically 

designed experiment w a s  used to reduce the number of compositions required for evaluation. 

Substitution of up to 1.5 Mo for an equivalent amount of W or substituting Zr for hafnium 

did not cause any significant change i n  either fabricability or mechanical properties. 

ever, substitution of Re for W resulted in  a significant improvement in creep properties, 

without affecting weldability or short time mechanical properties (see Table 2). At rhenium 

contents above 1 a/o, l i t t le additional improvement in creep resistance is realized,with the 

most Significant effect of rhenium on creep resistance occurring a t  the 0.5 to 1 a/o level 

(see Figure 1). 

Hf matrix i s  apparent from the data shown in Figure 1-1. 

How- 

The beneficial effect of interstitials on the creeplbehavior of a Ta-W-Re- 

The interstitial species added to interact with the reactive metal addition (Hf) has a signi- 

ficant effect on the creep b e h a v i o r b  Figure I-2)of the tantalum alloy matrix. The addition 

of carbon to a Ta-W-Hf or Ta-W-Re-Hf matrix results in  a significant improvement i n  creep 

behavior. 

ment in  creep resistance. 

(> - 400 ppm) level i s  attributed to the precipitation morphology and kinetics of the Hf, Zr, N 

dispersoid. Analysis of the dispersed second phases extracted from creep specimens and 

from specimens used to study heat treat response led to the following conclusions. 

However, substituting a portion of the C with N results in  a still further improve- 

The more effective strengthening of the N addition at the higher 

(1)  
reaction i s  

In the straight carbide strengthened system (NASV-20) the principal precipitation 

i 
50 

a L 



, 

w Astronuclear 0 Laboratory 

The relative y low carbon solubility i n  the tantalum a loy matrix ( r J  150 ppm at 300O0F), 

and the relatively fast precipitation kinetics results in  a carbide precipitate along high 

angle and sub-boundaries during cooling from the heat treatment temperature. The higher 

the final annealing temperature, the finer the resulting precipitate. Thus, heat treatment 

can be used to effectively control final structure, and creep i s  a structure sensitive 

pro pert y . 

& 

(2) In the Ta-W-Re-Hf-N system, the principal precipitation reaction i s  

+ Hf--HfN N(ss) 

Nitrogen has  a high solid solubility i n  unalloyed Ta (4400 ppm at 1200'C) and also 

exhibits an apparent high solubility in  the Ta-W-Re-Hf alloy matrix. The sluggishness of the 

precipitation reaction at low N concentrations (< 300 ppm) and the formation of a coherent 

precipitate give interesting strength properties but result in sheet and/or tubing fabrication 

difficulties which wi l l  be discussed later. The advantage of nitrogen as a strengthening 

addition i s  achieved at the higher N2 levels, >400 ppm, where response to classical age 

hardening has been observed. Overaging occurs at 2300-250O0F with the maximum hardness 

occurring after heating for one hour at 2000-220OOF. 

2 - 

I 

Thus, age hardenable tantalum- nitrogen 

alloys show particular potential for use as bar-or forged components such as required in rotating 

parts of a turbogenerator. 

The sluggishness of the HfN precipitation reaction can, however, be effectively utilized by 

substituting a portion of the carbon with N2 at levels (< 200 ppm) where fabricability would 

not be seriously compromised but where additional improvement in creep strength i s  realized. 

The fast precipitating carbide phase stabilizes the substructure while the more sluggish pre- 

cipitating nitride phase apparently provides additional enhancement of long time creep 

properties (see Figure 3). 

Fabricability and weldability characteristics wi l l  l imit the alloying additions to a level 

which wil l  permit processing an as-cast ingot to sheet and/or tubing. 

weldability and fabricability i s  T-111 (Ta-8W-2Hf). As-cast T-111 ingots can be broken 

The standard for 

I 
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down by forgning and/or extrusion at 2000-240O0F and secondary working (sheet rolling 

and/or tubing drawing) can be done at ambient temperature utilizing existing commercial 

technology. The apparent high nitrogen solubility in the tantalum alloy matrix limits the 

level of interstitial which can be added before fabricability i s  impaired. The data plotted 

i n  Figure 4 shows the effect of C and N on the room temperature hardness of a Ta-(8-9)W- 

(0.5-1) Hf matrix and of N on a Ta-9W-1.5Re-1 Hf matrix. The apparent high N solubility 

results in essentially a linear increase in  room temperature hardness with increasing N 

content. Generally, tantalum base alloys with a room temperature hardness i n  excess of 

approximately 300 DPH are difficult to fabricate to sheet. A Ta-9W-1.5Re-1 Hf-O.03N 

composition (R. T. hardness 370 DPH) while forgeable could not be rolled to sheet at 

800 F. 
to that for N, but as the solubility l i m i t  i s  exceeded there i s  l i t t le further hardness increase 

as the non-coherent carbide precipitates. 

0 The low carbon solubility results in a significant ini t ial  hardness increase similar 

Weldability, evaluated by measuring the change in  the bend ductile-brittle transition 

temperature for as TIG welded material, i s  sensitive to the substitutional and interstitial 

solute level. 

200 ppm cause a rapid increase in the DBTT with N generally causing a slightly greater 

rate of change (see Figure 5). 

For a matrix containing 9-12 w/o W + Re + Mo + Hf, C + N additions above 

The carbo-nitride has been shown to be more effective in enhancing creep properties than 

the straight carbide, and at a level of 300 ppm C + N,'excellent creep properties are 

obtained, while retaining adequate fabricability wi th  a 9-12 W/O W + Re + Mo + Hf 

matrix. At a nominal 300 ppm C + N, a linear relationship between the DBTT and the 

square root of the tungsten equivalent* atom per cent w a s  observed (see Figure 6). 

A final criteria for evaluation of the promising alloy composition wcls the long time thermal 

stability and tolerance for oxygen contamination. The test procedure used simulates a 

*tungsten equivalent = %W + %Mo + %Hf + 3 x %Re 

i 
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highly specific set of conditions and here again, the bas is  for comparison i s  T-11 1. The 

results are summarized in Table 3. T-111 i s  apparently more tolerant of 0 contamination 

than the more creep resistant complex tantalum base alloys. 

DBTT with 0 

rhenium containing solid solution strengthened compositions (NASV 19 and 21). The carbide 

strengthened composition (NASV-20) though containing 250 ppm carbon behaved essentially 

identical to the solid solution strengthened compositions (NASV-19, 21). 

2 
However, the rate of change in 

contamination was less for the carbo-nitride strengthened alloy than for the 2 

Since structure has been shown to exert the most significant effect on creep properties, 

fabricability wi l l  limit the substitutional and interstitial solute level. Creep strength at 

any given solute level can be controlled by thermal treatment. Thus, the second four-inch 

diameter ingot composition recommended for melting i s  Ta-6.5W-1Re-O. 85Hf-O.015C- 

0.015N. The substitutional solute level w a s  selected to give an as-welded DBTT near 

-lOOF. 

The data generated do not justify selection of a third dispersed phase strengthened composition. 

Thus, i t  i s  recommended that more detailed investigation of thermal-mechanical treatment 

and its effect on properties be conducted in lieu of melting a third ingot. 
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TABLE I 

I I 

W +  Hf 
% 

Carbon I PPm 

6 500 
I1000 

12 I .  
I 12 - 14(T-222) I 100 

15 0 I 300 

Fabricabi lity 
Creep 

We ldab i I i t  y I Strength 

1 
2 I :  

1 1 1 3  

Relative Ranking 

1 - Excellent 

2 -  

3 - Moderate 

4 -  

5 - Poor 

Fabr i cabi I i ty 

T-111 

T-222 

Weldabi I i ty 

DBTT << R. T. 
-- 

DBTT- R. T. 
-- 

DBTT >> R. T. 
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TABLE 2 

Effect of Re on Propertiep) of Ta-W-Hf-C Alloy 

Property 

I. Room Temperature' 

a) Tensile strength 
b) 0.2% yield strength 
c) % elongation 

Uniform 
To ta I 

II. Bend ductile brittle transition 
temperature for as-TI G 
welded 0.04-inch sheet, 
tested over 1.8t bend radius 

111. Time to 1% strain at 2400OF I and 15,000 psi 

Ta -9 W- 1 Hf -0.025 C 
( NA SV -9) 

106,800 psi 
78,600 psi 

15% 
24% 

-125 to -175OF 

~~ 

108 hours 

Ta-8W-1 Re-1 Hf-O. 025C 
(NAS 56-57) 

105,000 psi 
78,000 psi 

1 7% 
28% 

-100 to -125OF 

300 hours 

(a) A l l  tests on 0. W i n c h  thick sheet, annealed for one hour a t  300OoF prior test. 
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FIGURE 1 - Effect of Rhenium on Creep PropertLa of Ta-W-Hf Alloys 
(Specimens Annealed 1 Hr. at 3000 F Prior to Test) 
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1 

0 0.01 0.02 0.03 0.04 0.05 0.07 

Interstitial Content, (w/o) 

FIGURE 2 - Effect of Carbon and/or Nitrogen on the Creep Behavior of 
Ta-(7-9JW-(O-2)Re-(O. 5-2)Hf Alloy (Specimens Annealed 1 Hr. 
at 3000 F Prior to Test). 
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0 Carbon 

I 1 I I I I .  

0 0.02 0.04 0.06 0.08 0. 10 

Interstitial Content, (weight %) 

FIGURE 4 - Effect of Carbon and/or Nitrogen on the Room 
Temperature Hardness of Tantalum Base Alloys. 
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0.05 0.06 0 0.01 0.02 0.03 0.04 

Interstitial Content 

FIGURE 5 - Effect of Carbon and/or Nitrogen on the Bend Ductile Brittle 
Transition Temperature for As-TIG Welded 0.04 Inch Sheet. 
(1.8t Bend Radius) 
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